Two types of perfluoropolyether (PFPE) commonly used as lubricants on magnetic recording media were subject to prolonged ultrasonication in the presence of zirconia particles. The particles were then extracted to collect adsorbed polar products of PFPE chain scission. The extract was characterized by nmr spectroscopy and found to contain low molecular weight scission products of the initial PFPE. These results provide further evidence for mechanochemical scission.
I. INTRODUCTION
Perfluoropolyether (PFPE) lubricant on magnetic recording media is subject to intennittent high shear during asperity contacts. Contacts at extremely high shear rates can impart mechanical force exceeding the intramolecular bond strength, giving rise to mechanochemical scission. For energy to transfer into bond length extension, the relaxation time scale of the segmental motion must be longer than the time scale of the energy input.
Since the PFPE is present on the media in a molecularly thin film, it is usually difficult to collect enough PFPE SCISSIon products for study. Consequently, PFPE degradation products have been produced in the laboratory environment for study. Thennal catalytic decomposition of PFPE is well documented [1] . A previous publication describes the scission of PFPE in a turbulent . flow field during processing of undiluted PFPE in a media mill [2] . This study describes a new means for producing mechanochemical scission of the PFPE external to the disk file environment. Similarity between polymer chain scission by shear flow and ultrasound has been suggested [3] . Therefore we investigated the ultrasonic scission of PFPE.
EXPERIMENTAL
Ultrasonic scission of two typical PFPE was investigated using Y and Z type molecular structures. The molecular structures are shown below. The backbone structure of the PFPE Y is
The PFPE Y end groups, including those found in the initial polymer and in the scission products are
The Backbone structure of the PFPE Z is
The end groups of the Z, including scission product end groups, are
The initial composition is given in Table 1 . M n is the number average molecular weight and D.P.is the number average degree of polymerization. The viscosity 11 and characteristic relaxation time 't c were obtained rheologically from the small amplitude oscillatory dynamic shear modulus data master curve obtained using time temperature superposition. The 11 of the Y was 3.2 Pa-sec and that of the Z was 0.5
Pa-sec at 25°C. The Z had a substantially lower bulk viscosity than Y because Z is a linear polymer while Y has a -(;F 3 side group which increases its monomeric friction coefficient. The 't c of the Y polymer was 160
Jl sec and that of the Z was 80 Jl sec.
The undiluted PFPE were subjected to sonication in the presence of Zr02 particles (0.6 mm average diameter) as shown in Fig. 1 . Sonication was done using a high intensity ultrasonic processor, Model GE50 (Sonics & Materials, Inc., Knosia Avenue, Danbury CT, 06810) with 50 W maximum power at 20 The 19 F nmr analysis was done on an IBM Instruments AF/300, operating at a frequency of 282 MHz. The 19 F chemical shifts for the spectra were referenced to internal CFCI3.
Typically, 20,000 scans were collected over a chemical-shift range of 150 ppm that was digitized into 64,000 data points. Care was taken to avoid saturation of the resonances.
Ill. RESULTS
The nmr Spectrum of the initial PFPE Z and that of the extract after sonication is shown in Fig. 2 . The primary functional groups formed at scissioned chain ends were -C0 2 . The M n in Table 1 were calculated from the nmr peak areas by end group analysis. Only short fragments of the initial PFPE were found in the extract. The numerical proportions of the copolymer units in the backbone of the scission products was also calculated from the nmr data. The most prominent peaks from the nmr spectra are listed in Table 2 . Comparison of the composition of the scission products with that of the initial polymers indicates that the scission is non-central and non-random.
IV. DISCUSSION
U1trasonication consists of the application of high frequency oscillations to the polymer, usually in solution. At sufficient energy, and within a certain range of frequency, cavitation bubbles form. These bubbles concentrate energy at their walls and center as they collapse. The velocity gradients can then give rise to polymer chain scission [4] .
In general, the conclusion is that the probability of bond scission is largest near the center of the chain, and decreases toward the chain ends [5, 6] .
The If the mechanism for scission is mechanical, then the applied force must be larger than the intramolecular bond strength. One mechanism was proposed by Doulah [7] . The first condition is that the fluctuation time scale of the flow must be smaller than the time required by the polymer chain for configurational rearrangement.
From Kolmogorov's universal equilibrium theory [8] , the microscales of length t and time't are:
(1)
where v = ll/P is the kinematic viscosity of the liquid, P is the density of the medium, and e is the power dissipation per unit mass.
The power dissipation is related to the power input by e=C(P-Po) (2) in which C is a conversion efficiency coefficient "" 1 0%, P is input power, and Po is the threshold power to initiate cavitation, both per unit mass.
The force across the chain is (3) Table 2 . Nmr peak assignments and integrated peak areas scaled with respect to the largest peak,
showing several of the key structural features. Here, X is the polymer chain length, CD is the drag coefficient, A = rrd 2 14 is the projected area, and d is the hydrodynamic equivalent spherical diameter of the chain.
Chemical Shift
For small particle Reynolds number, dv Re=v ' (4) and the chain velocity relative to its surroundings is v= tit.
Order-of-magnitude calculations were carried out using the above qualitative description to estimate the turbulent force for comparison with the bond strength. Since the D.P. of the PFPE is so low (Table 1) , the force estimated using Eq. (3) and our experimental conditions is significantly less than the bond strength (= 10-9 N). The time scale estimated from Eq. (1) t > t c , so that the PFPE should be able to change its configuration in response to the flow.
Consequently, it is remarkable that SCISSIOn products were observed in our sonication experiment. The particle interfaces may play a role by increasing the relaxation time of PFPE adsorbed at the solid/liquid interface. Alternatively, catalytic scission of PFPE on Zr02 surfaces cannot be ruled out. Tests were done at room temperature and at 250°C, without sonication, followed by the same extraction procedure, and no scission products were detected. Sonication was done without Zr02, and no scission products were detected by nmr spectroscopy of the bulk PFPE. Polar particle surfaces may be required to adsorb and concentrate very small amounts of scission products for them to be collected in measureable quantities.
v. CONCLUSION
To minimize the possibility of thermally induced catalytic PFPE SCISSIOn, this study examined mechanical degradation of PFPE in a turbulent cavitating ultrasonic field. It is well-known that sonication can degrade polymer chains, but this had never before been demonstrated with PFPE.
Undiluted PFPE Y and Z were sonicated in the presence of Zr02 particles.
Scission products adsorbed on the particles were extracted and characterized by nmr. The composition of the initial PFPE and their scission products was calculated from the nmr peak areas. The scission products are of lower molecular weight and their composition is different from that of the initial polymers. Newly formed acid end groups were found in the scission products. Mechanochemical scission of PFPE is produced by sonication.
The scission products obtained by sonication are similar to those obtained by milling undiluted PFPE[2J.
Ultrasonic scission theory developed for polymer solutions was applied to our experimental conditions. This estimates forces on the polymer chain to be less, and flow time scales longer, than those required for bond scission due to the relatively short chain lengths of the PFPE. Development of a more appropriate model for undiluted polymer melt in the presence of solid particles is currently under investigation.
